Recent observational studies of the Northern Annular Mode (NAM) indicate that significant case-to-case variability exists in the structural evolution of individual events. In particular, certain NAM events remain confined to stratospheric altitudes whereas others readily penetrate downward into the troposphere. We perform observational diagnostic analyses that are targeted at identifying the physical mechanisms behind this distinction. Our results thereby provide a test of the different existing theories regarding stratospheric influences upon tropospheric climate.
Introduction
There is increasing recognition of the important influence that annular modes have upon extratropical climate variability Wallace 1998, Hartmann et al. 2000, Thompson and  Wallace 2001, Thompson and Solomon 2002) . Recent observational studies further provide strong evidence that the stratosphere may modulate tropospheric climate in association with annular modes (Baldwin and Dunkerton 1999 . For example, during boreal winter tropospheric Northern Annular Mode (NAM) events are often preceded by variations in the strength of the stratospheric polar vortex (Baldwin et al. 2003) . However, not all NAM cases follow the statistical prototype of stratospheric initiation followed by downward signal movement (hereafter referred to as downward "propagation") into the troposphere, as certain robust stratospheric NAM events are not associated with corresponding succeeding tropospheric NAM events Dunkerton 1999, Zhou et al. 2002) . Accounting for such case to case variability represents an important test of any theory regarding stratospheric influences upon tropospheric climate.
There are (at least) three ways in which the stratosphere may influence the troposphere. First, the zonal wind in the lower stratosphere can modulate the vertical and meridional propagation of tropospheric planetary waves (Chen and Robinson 1992 , Shindell et al. 1999 , Hartmann et al. 2000 .
This represent an indirect dynamical influence as the tropospheric circulation is altered by a redirection of wave activity within the troposphere. A second, direct forcing mechanism is the nonlocal geostrophic and hydrostatic adjustment that occurs in association with alterations of the potential vorticity field in the lower stratosphere (Hartley et al. 1998) . Specifically, potential vorticity anomalies associated with variations in the stratospheric polar vortex strength induce annular circulation anomalies in the troposphere (Ambaum and Hoskins 2002, Black 2002) . Finally, 1 Like-signed 10 hPa events are considered distinct if they are separated from one another by at least 10 days.
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we note a new theory that considers the vertical reflection (within the stratosphere) of Rossby wave activity propagating upwards from the troposphere (Perlwitz and Harnik 2003) .
The primary focus of our study is to identify dynamical reasons why some strong stratospheric NAM events do not extend downward to tropospheric levels. This is pursued via diagnostic cases studies supported by composite analyses which indicate that the direct forcing mechanism described by Black (2002) can account for many of the important distinctions observed. Section 2 of the paper overviews the case selection criteria, summary case statistics, and the diagnostic methodology.
Diagnostic studies of the onset of illustrative cases are presented in Section 3. Section 4 describes parallel diagnostic results for the time evolution of several different composites. The primary results and inferences are then summarized in Section 5.
Methodology and Case Statistics
Our general approach is to perform observational diagnostic studies of different types of NAM case evolutions with a goal of identifying dynamical reasons for idiosyncracies among different case onsets. The particular focus of the current paper is on the study of robust deep stratospheric NAM events stratified according to whether or not they are succeeded by like-signed NAM events in the troposphere. Cases are identified from normalized and low pass filtered multi-level NAM indices (e.g., Plate 1 of Baldwin and Dunkerton 1999) . Our case selection methodology begins by identifying intraseasonal time periods during Northern Hemisphere winter that are characterized by 10 hPa NAM index anomaly magnitudes greater than 1.5σ
1 . This selects robust mid-stratospheric events. We then require that each 10 hPa event is followed by a subsequent (within 10 days) likesigned NAM index anomaly signature at 100 hPa with magnitudes of 0.5σ or greater. This ensures a deep stratospheric NAM event extending into the lower stratosphere (from which the downward influence mechanisms are believed to be operative). Finally, we categorize deep stratospheric NAM events according to whether or not the 100 hPa NAM signal is succeeded (within 10 days) by a likesigned NAM index anomaly signature at 500 hPa having magnitudes of 0.5σ or greater. This effectively separates events primarily confined to stratospheric altitudes ("nonpropagating" events) from those with substantial downward extensions into the troposphere ("propagating" events). We emphasize that propagating and nonpropagating refer to the apparent vertical movement of the NAM signal into the troposphere and do not necessarily imply a true geophysical wave propagation.
Using this approach we identify 16 positive stratospheric NAM events (westerly anomalies; strengthened polar vortex) and 26 negative stratospheric NAM events (easterly anomalies; weakened polar vortex) that occur during 1958-1997. About 30% of these 42 cases (7 positive and 6 negative)
are nonpropagating events that remain confined to stratospheric altitudes. Our results indicate that negative stratospheric NAM events more readily (but not exclusively) propagate into the troposphere, analogous to the results of Zhou et al. (2002) . Interestingly, all 13 of the nonpropagating cases are preceded (within 10 days) by oppositely-signed NAM anomalies (magnitudes of 0.5σ or greater) at 500 hPa. The dynamical role of these tropospheric precursors is explored in the next section. For completeness we further note that there are a substantial number of strong tropospheric NAM events (13 positive and 20 negative cases having 500 hPa NAM anomaly magnitudes greater than 1.5σ) that are not linked to preceding and like-signed stratospheric signals (i.e., NAM anomalies at 10 and 100 hPa are either oppositely-signed or have magnitudes < 0.5σ). However, we reiterate our current focus on deducing why certain strong stratospheric events do not impact the tropospheric circulation.
The evolution of the cases identified provide a fundamental basis for studying this problem.
We first present diagnostic results for 3 individual cases in order to illustrate some basic aspects of case-to-case variability. Case 1 is a positive NAM event occurring during February 1976 which is observed to propagate downward into the troposphere. Case 2 (Case 3) represents a negative NAM event occurring during March 1989 (January 1985) which does not (does) propagate downward into the troposphere. For downward propagating events we focus our attention on the time period during which the tropospheric zonal wind anomalies develop as illustrated in Fig 1a. For nonpropagating cases, however, we instead focus on the time period during which circulation intensification occurs in the lower stratosphere as illustrated in Fig 1b . This is the time during which a tropospheric pattern would be expected to emerge.
In addition to the individual case studies we also perform diagnostic analyses of composite time evolutions. We first study the composite evolution of the 7 positive and 6 negative nonpropagating NAM cases identified in our study (see above). This helps to substantiate the initial inferences made from the case studies. Similar to Case 2, we focus on the period of lower stratospheric circulation development by compositing with respect to the time of the peak magnitude in the 100 hPa NAM anomaly index (referred to as Day +15 in the composite time evolution). We diagnose the role of dynamical forcing mechanisms during the composite onset time period.
We also contrast composite diagnostic analyses of downward propagating and nonpropagating mid-stratospheric warmings as identified in the observational study of Zhou et al. (2002 the cases are composited with respect to the maximum temperature anomaly amplitude at 10 hPa (~Day +12 in the 40 day evolution). Our goal in studying the Zhou composites is to provide further insight on the dynamical distinction between their propagating and nonpropagating cases. Further details on the case selection and composite methodology are in Zhou et al (2002) .
The basic input data for our study consists of daily averaged reanalyses produced jointly by the National Centers for Environmental Prediction and National Center for Atmospheric Research (Kalnay et al. 1996) . Anomaly fields are defined as deviations from long-term seasonal trend values (calculated by applying a 91 point Parzen filter to a seasonal cycle constructed from 40 years of daily averages). The resulting anomaly fields are then smoothed using a running 5 day average operator. We study the boreal months December through March since this is the time during inconsequential quantitative impact upon the results presented.
7 which the dynamical interactions between the stratosphere and troposphere are most apparent in the Northern Hemisphere circulation.
The diagnostic approach uses piecewise inversion of potential vorticity (PV -Hoskins et al. 1985) to assess the direct hydrodynamic influences of separate stratospheric and tropospheric dynamical features that are present during NAM cases of interest. In this approach, circulation anomalies are decomposed into separate parts related to distinct PV anomaly features (Davis 1992) in order to facilitate the diagnosis of the remote circulations associated with local PV structures. We use piecewise PV inversion analyses to determine the zonal wind anomaly changes that are induced by stratospheric and tropospheric parts of the zonal mean PV anomaly field during NAM events.
The piecewise PV inversion procedure used here follows the methods of Black (2002) except with a slightly modified quasigeostrophic balance condition (marked by improved global integral constraints 2 ) to relate PV and geopotential anomalies:
Here, q is the potential vorticity, f is the Coriolis parameter, Φ is geopotential, and σ a static stability measure. Piecewise PV inversion is the process of inverting (1) for some specified subset of the 3-D qN distribution. Because of its elliptic character, the "response" (ΦN) to a localized PV anomaly is a field that decays vertically with a scale H = f L/N, where L is the horizontal scale of the motion and N is the Brunt Vaisala frequency. To assess a downward influence, one first defines a reference level at which the downward influence is to be evaluated. PV anomalies at stratospheric altitudes are then inverted individually and linearly combined to assess the influence of stratospheric PV anomalies upon the geopotential anomaly field at the reference level in question. The horizontal wind anomaly field is then determined from the geopotential anomaly field using geostrophic balance (noting that over the extratropical domain of interest the geostrophic winds provide a quantitatively accurate approximation to the actual wind field). A detailed derivation of (1) is provided in Evans and Black (2003) while further details of the piecewise PV inversion method can be found in Black (2002) .
The piecewise PV inversion analyses are supplemented with Eliassen-Palm (EP) flux diagnoses (e.g. Baldwin et al. 1985) to study the role of Rossby wave driving in locally forcing the circulation anomalies characteristic of the NAM. EP fluxes provide a direct measure of Rossby-wave propagation in the meridional plane (Edmon et al. 1980) . The divergence of the EP flux is directly related to both (i) the meridional eddy flux of potential vorticity and (ii) the net eddy-forcing of the zonal-mean zonal wind (Andrews et al. 1987) . As an example, the local convergence of an anomalously strong upward EP flux will provide both (a) direct local decelerations of the zonal mean wind and (b) southward eddy transports of potential vorticity, which in turn promote local PV decreases (increases) at higher (lower) latitudes. This introduces a possible stratospheric feedback mechanism in which upward propagating tropospheric Rossby waves act to latitudinally redistribute the stratospheric PV field creating stratospheric PV anomalies which then induce tropospheric wind anomalies (as described in the above overview of piecewise PV inversion).
Illustrative Case Studies
Figure 1 presents the temporal evolution of the zonal-mean zonal wind anomalies at 60 O N for Case 1 (positive; propagating) and Case 2 (negative; nonpropagating) which represent two opposing tropospheric anomaly responses. As will become evident, Case 1 exhibits many of the canonical characteristics of NAM development. The zonal wind anomaly signal is initially most prominent in the mid-stratosphere and then strengthens and descends into the lower stratosphere with a clear continuation downward through the depth of the troposphere to the surface (Fig. 1a) . The strongest anomaly development in the lower troposphere occurs during the 9 day period between Days +2 and +11. Latitude-height cross sections of zonal mean anomaly fields are shown in Fig. 2 for this period.
These analyses show clear evidence of NAM intensification at both stratospheric and tropospheric levels (Figs. 2a, 2b) . In particular, we note a coherent pattern of zonal wind intensification over the entire domain depth at mid-latitudes ( Fig. 2c ) 3 . The zonal wind change pattern exhibits the northward tilt with height characteristic of the NAM. In association with the zonal wind changes there is a concomitant north-south dipole structure in the stratospheric PV tendency field, with PV increases at high latitudes over much of the stratosphere. There are also smaller scale PV changes that are evident near the tropopause.
It is of interest to decompose the zonal wind change into separate parts associated with tropospheric and stratospheric PV anomalies, respectively. This is achieved by performing piecewise inversions of the PV change field (Fig. 2d ) partitioned by the latitudinally varying 4 EP flux vectors are scaled to point in the proper direction (the meridional component is divided by 225 to account for the plot aspect ratio) while enhancing magnitudes at successively higher altitudes (both components are multiplied by e Z/H ). Although the local EP flux divergence is not preserved in this scaling, the flux divergence can be directly inferred from the wave driving field. This issue is discussed further in Baldwin et al. (1985) .
10 tropopause (defined using the WMO thermal tropopause definition [e.g., Lewis 1991] ) which is indicated in all plots by the purple contour. The piecewise PV inversion results illustrate that zonal wind anomalies induced by the redistribution of stratospheric PV (Fig. 3a) account for the majority of the total stratospheric zonal wind changes (Fig. 2c) as might be expected. However, the stratospheric PV anomalies also provide a first order contribution to the zonal wind increases observed in the midlatitude troposphere, locally accounting for as much as 50% of the observed tropospheric increase. Of course, it is also evident that tropospheric PV changes also fundamentally influence the observed tropospheric zonal wind changes (Fig. 3b) .
The results verify the regression-based results of Black (2002) regarding a direct downward influence of stratospheric PV anomalies during tropospheric NAM development. As pointed out in Black (2002) , however, to establish a complete mechanistic framework for NAM development it is of fundamental importance to establish the proximate source(s) for the initial stratospheric changes. This is addressed here by calculating the anomalous EP fluxes 4 and wave driving for the 9 day development period (Fig. 3c ). This analysis reveals that Case 1 development is associated with anomalous downward and southward EP fluxes within the midlatitude stratosphere and anomalous southward EP fluxes near the midlatitude tropopause. The divergence of the EP flux pattern forces anomalous zonal-wind accelerations within the high latitude stratosphere as well as a meridional acceleration dipole in the vicinity of the tropopause. A spectral decomposition of the EP flux results
(not shown) confirms expectations that the stratospheric wave driving pattern is predominately due to low frequency, intra-annual (periods between 10 days and one year) transient eddies. Although we do not expect a precise correspondence between Figs. 2c and 3c, it is evident that the anomalous wave driving within the stratosphere is of sufficient magnitude to account for the observed zonal wind tendencies at these altitudes. Further, there is a good spatial correspondence in the stratosphere between the pattern of positive wave driving anomalies (which, as discussed in Section 2, represents an anomalous northward PV flux) and the latitudinal dipole in the PV tendency field. We conclude that the initial stratospheric changes likely arise from variations in the propagation of tropospheric planetary waves. Thus, the downward stratospheric influence diagnosed in Fig. 3a should be regarded as a feedback process that is fundamentally driven by tropospheric dynamical processes.
The evolution of Case 2 (Figs. 1b, 4, and 5) is characterized by an analogous (but oppositelysigned) zonal wind anomaly development within the high latitude stratosphere between days +6 and +15. In this case, however, as the lower stratospheric development begins a large amplitude positive zonal wind anomaly feature is present in the high latitude troposphere and lower stratosphere (Fig.   4a ). Further, the stratospheric zonal wind development is not accompanied by the formation of substantial like-signed zonal wind anomalies within the troposphere (Figs. 1b and 4b ). The initial PV anomaly pattern, consistent with the zonal wind anomaly pattern, is characterized by positive anomalies at high latitudes in the upper troposphere and lower stratosphere and negative anomalies near the midlatitude tropopause and at upper levels in the high latitude stratosphere (Fig. 4c) . The last feature descends and intensifies over the development period so that by Day +15 negative PV anomalies extend through the depth of the high latitude stratosphere (Fig. 4d) . Substantial positive anomalies remain at high latitudes in the upper troposphere at Day +15, however.
The 9 day zonal wind tendency ( Fig. 5a) shows that a tropospheric deceleration does, in fact, occur. As for Case 1, the stratospheric PV changes play a strong role in this tropospheric zonal wind tendency ( Fig. 5b -This is partly offset by PV changes in the lower troposphere). The end result, however, is that the downward influence is insufficient to overcome pre-existing positive zonal wind anomalies at tropospheric levels. Even though the stratosphere successfully acts to decelerate the tropospheric zonal windfield this ends up simply neutralizing a pre-existing tropospheric annular signature of opposite sign leading to the absence of a corresponding like-signed tropospheric NAM signature. Nonetheless, from the perspective of dynamical tendencies the stratosphere PV changes are important. Lastly, we note that similar to Case 1 we find evidence that the initial stratospheric circulation changes are largely forced by anomalies (in this case enhancements of) in the vertical propagation of tropospheric planetary Rossby waves (Fig. 5c ).
We next provide a brief overview the diagnostic results for Case 3. Case 3 represents a negative NAM event which is observed to extend into the troposphere. An examination of the evolution of Case 3 reveals characteristics that are quite distinct from Cases 1 and 2. The nature of this behavior is concisely illustrated in Fig. 6 . First we note that the tropospheric NAM development at 60 O N results from a southward latitudinal shift of a well-defined pre-existing easterly zonal wind anomaly feature initially centered near 75 O N and extending through the troposphere and lower stratosphere (noting that relatively little latitudinal shift occurs in the mid-stratosphere). Second, during this time period the magnitude of the easterly wind anomalies actually decreases at virtually every pressure level. Third, we note that though the final zonal wind anomaly pattern (Fig. 6b) very much resembles the canonical NAM pattern, the initial pattern (Fig. 6a) is largely orthogonal to the canonical structure in the troposphere and lower stratosphere (e.g., the initial vertical structure is actually marked by a southward tilt with height). The dissimilarity in the case evolution carries over to the PV inversion results (Figs. 6c-6d ) which illustrate that the tropospheric (and lower stratospheric) wind changes are primarily controlled by tropospheric PV dynamics. In summary, the Case 3 NAM event appears to emerge from the evolving residual signature of a strong preexisting annular mode event having an initial spatial structure very different from the canonical NAM. Although Case 3 represents an outlier among the cases studied here, the results nonetheless suggest that tropospheric NAM events may be excited in different ways.
Composite Analyses a) Canonical Evolution
We next build upon the case studies with supplementary composite analyses. Not surprisingly, the collective synoptic and dynamical evolution of the propagating NAM events generally parallels the top-down canonical evolution that is described elsewhere (Baldwin and Dunkerton 1999 , Black 2002 , Limpasuvan et al. 2004 ) and which, for brevity, is only summarized here. This evolution consists of a cycle initiated by anomalous vertical fluxes of tropospheric Rossby wave activity into the stratosphere leading to abrupt changes in the zonal mean stratospheric circulation which are then followed by parallel changes in the tropospheric circulation. There is evidence that the stratosphere provides both direct and indirect influences to the tropospheric circulation during the later stages (Black 2002 , Limpasuvan et al. 2004 . The salient question that we attempt to address is why such influences do not appear to operate in a sizable fraction of substantial stratospheric events.
b) Nonpropagating NAM cases
Composite evolutionary analyses for the 6 negative nonpropagating (NN) NAM events and 7 positive nonpropagating (PN) NAM events are presented in Figs. 7 and 8, respectively. As discussed in Section 2, the composite evolutions are constructed with respect to the time at which the 100 hPa NAM index anomaly attains its peak magnitude which is referred to as Day +15. The It is evident from Figs. 7a and 8a that important zonal wind changes do, in fact, take place at tropospheric altitudes. However, these changes represent an effective elimination of the pre-existing tropospheric wind anomaly patterns. To assess the role of stratospheric PV anomalies in enacting the associated tropospheric zonal wind tendencies we perform piecewise PV inversions for the 10 day development period. The results (shown in Figs. 7c and 8c) show that important zonal wind changes are brought about by the redistribution of stratospheric PV. However, at tropospheric altitudes near 60 O N these changes are only able to "zero-out" the pre-existing zonal wind signature.
Nonetheless, we again conclude that the stratosphere plays a key role in the tropospheric zonal wind tendencies.
Composite EP flux and wave driving analyses are presented for NN and PN in Figs. 7d and 8d, respectively. These results are consistent with the case studies and canonical prototypes as we find the development of negative stratospheric NAM cases (NN) is associated with an enhanced upward flux of Rossby wave activity into the stratospheric (providing a deceleration of the polar vortex and southward eddy PV fluxes). Conversely, the PN cases are characterized by positive wave driving anomalies associated with a polar vortex acceleration and northward eddy PV fluxes.
The composite diagnostic results provide strong evidence for the idea that nonpropagating NAM cases remain confined to stratospheric altitudes because of the initial existence of oppositelysigned annular modes at tropospheric altitudes. Finally, we note the striking degree of symmetry that exists between the NN and PN composites, consistent with a linear dynamical behavior. Baldwin and Dunkerton's (1999) study to examine the nature of distinct annular mode structures that are categorized in terms of the vertical propagation of zonal mean temperature anomalies. In their diagnostic study they distinguish warming events confined to the upper stratosphere ("nonpropagating") from those that propagate downward and influence the troposphere circulation via the Arctic Oscillation ("propagating"). The nonpropagating cases exhibit little or no subsequent manifestation in the tropospheric circulation field. During propagating events, on the other hand, the annular warm anomaly signature descends to tropopause levels with associated easterly zonal wind anomalies extending downward well into the troposphere. Zhou et al. suggest that for the propagating cases the tropospheric circulation is altered via the indirect wave propagation mechanism described in Section 1. We expand upon their analysis by exploring the role that the direct forcing mechanism may play in the onset of the tropospheric circulation anomalies.
c) Zhou composites

Zhou et al. (2002) expanded upon
5 Since these oppositely signed features tend to offset one another this partitioning scheme results in a conservative estimate of a downward stratospheric influence.
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We construct composites in the same way as in Zhou et al. (2002) , except using the same input anomaly fields that we have used in the case studies (further details are in Section 2). Fig. 9 shows the zonally averaged time evolution of the midlatitude zonal wind anomalies and high latitude PV anomalies for both the propagating and nonpropagating composites (noting that polar PV anomalies will act to induce zonal wind anomalies to the south). It is evident that the easterly wind anomaly signature ultimately descends to tropospheric levels in their propagating composite (Fig. 9a ) but remains confined to upper levels in the nonpropagating composite (Fig. 9b) . In the latter the lower stratosphere (and troposphere) is, if anything, marked by westerly anomalies. The high latitude PV anomaly evolution (Figs. 9c-d) is generally consistent with the zonal wind evolution. We observe intensifying negative PV anomalies extending through stratospheric altitudes in the propagating composite. The lower stratospheric anomalies attain their largest magnitudes between days +30 to +35, during which time the zonal wind signature descends into the troposphere. We also note that, simultaneous with the formation of negative PV anomalies in the lower stratosphere, positive PV anomalies develop directly underneath at high latitudes in the upper troposphere (this behavior is distinct from the case studies). Given the results of Black (2002) and Ambaum and Hoskins (2002) we regard this upper tropospheric feature as dynamically linked to the lower stratosphere for the purposes of PV anomaly partitioning. Thus, for the propagating composite we choose to group the stratospheric PV anomalies together with the high latitude anomalies in the upper troposphere (bounded by 70 O N to the south and 600 hPa below). 5 For the nonpropagating composite (Fig. 9d) , the negative stratospheric PV anomalies remain confined to near 25 hPa throughout the evolution.
One of the conclusions of Black (2002) regarding the direct downward forcing mechanism is that only PV anomalies in the lower stratosphere are capable of inducing substantial tropospheric circulation anomalies. Accordingly, a downward influence into the troposphere will only be felt if a PV anomaly signature originating in the mid to upper stratosphere is able to descend (by whatever means) to lower stratospheric levels. The PV evolution displayed in Fig. 9 thus provides a dynamical hypothesis for the differing tropospheric impacts in the two composites (i.e., that in the nonpropating cases the negative PV anomalies do not descend to sufficiently low altitudes within the stratosphere to provide a downward tropospheric influence).
We test this idea by performing piecewise PV inversions for the two composite evolutions (Fig.   10 ). Focusing first on the latter part of the evolution, it is clear that in the propagating composite the negative stratospheric PV anomaly signature attains sufficient strength in the lower stratosphere to promote easterly anomalies in the troposphere. Conversely, in the nonpropagating case the easterly anomaly signature remains confined to above 50 hPa. These results suggest that the stratospheric PV anomaly signature must descend into the lower stratosphere in order to facilitate a direct impact upon the tropospheric circulation. Thus, the direct downward influence mechanism helps to explain the observed differences in the tropospheric manifestations of the two composites.
The Eliassen-Palm diagnoses of Zhou et al. (2002) provide evidence, however, that the indirect mechansim likely plays a key role in moving the signal from the mid to lower stratosphere. So, it appears as if both direct and indirect mechanisms play important roles in the time evolution of NAM events.
This is not the whole story, however, as Fig. 10a further suggests that a downward stratospheric influence could have taken place as early as Day +10 in evolution of the propagating composite. This behavior can be accounted for by considering the dynamical fields observed at other latitudes at this time (not shown). First, we note that substantial easterly anomalies are, in fact, observed to extend into the troposphere further north near 80 O N. However, there are competing lower tropospheric PV anomalies in midlatitudes that act to induce opposing westerly wind anomalies at 65 O N. This again touches on the more general issue of what tropospheric conditions are required to permit a direct downward stratospheric influence to take place (as discussed earlier). Regardless, the diagnostic results presented here provide an useful indication of the minimum requirements for the stratosphere in producing a direct downward influence.
Summary
We have performed piecewise potential vorticity inversions and Eliassen-Palm flux analyses of robust stratospheric NAM events with and without succeeding tropospheric NAM signals. The PV inversion analyses of Case 1 provide an event-oriented confirmation of the regression results of Black (2002) regarding the direct downward influence of stratospheric PV anomaly structures. PV anomalies in the lower stratosphere act to induce a coherent annular pattern of westerly anomalies extending through the depth of the troposphere. The development of Case 2 is also characterized by tropospheric zonal wind tendencies that are induced by stratospheric PV anomalies. In this case, however, the stratospherically-induced easterly acceleration is effectively offset by westerly wind anomalies associated with a pre-existing positive tropospheric PV anomaly feature located near the pole. Thus, in this case a direct downward influence is masked by a pre-existing tropospheric annular mode feature. So, even though the stratosphere clearly provides a significant impact upon the zonal wind tendency field in Case 2, this is not ultimately manifested as a robust like-signed NAM event in the troposphere.
Interestingly, Case 3 is marked by the latitudinal shift of a pre-existing coherent annular mode pattern that extends from the surface upward into the stratosphere, but is initially out of phase with the canonical NAM anomaly pattern. The dynamics of this case are fundamentally different from Cases 1 and 2 in that the tropospheric zonal wind changes that take place are almost solely driven by tropospheric PV anomaly tendencies. In this case NAM onset in the troposphere (and lowermost stratosphere) is actually initiated directly by tropospheric rather than stratospheric PV anomalies.
Of course, it remains possible that the stratosphere may have played an important role in exciting the initial, latitudinally shifted annular mode structures. Although the behavior of Case 3 is atypical among the cases studied here, the results nonetheless illustrate that tropospheric NAM events can be excited in different ways.
The inferences drawn using Case 2 were more generally verified in separate composite analyses The last part of our study addressed the potential role of stratospheric PV anomalies in helping to explain the observational results of Zhou et al. (2002) regarding the propagation characteristics of stratospheric "warm" events initially located near 10 hPa. Our diagnostic analyses indicate that the main reason why Zhou's nonpropagating cases do not ultimately influence the tropospheric circulation is because the corresponding negative stratospheric PV anomalies in these cases remain confined primarily to 30 hPa and above. During the composite evolution of the propagating cases, on the other hand, strong negative PV anomalies descend downward to near-tropopause levels. PV inversion analyses clearly indicate the much greater likelihood of a direct downward influence during the propagating warm cases. These results are consistent with the current cases studies and the results of Black (2002) in suggesting that a direct downward stratospheric influence upon the tropospheric circulation requires that stratospheric PV anomalies descend to sufficiently low altitudes within the stratosphere. We note that wave-mean flow interaction likely plays an essential role in enabling the downward movement of a stratospheric NAM signal to the lower stratosphere.
Our results indicate important roles for both direct and indirect forcing mechanisms in enacting stratospheric influences upon tropospheric climate. We conclude that whether or not a tropospheric NAM signal emerges from a given stratospheric NAM event is largely dependent upon (1) whether stratospheric PV anomalies descend to sufficiently low altitudes within the stratosphere and (2) the detailed nature of any pre-existing annular modes in the troposphere. ]. See the text for further details of the PV partitioning schemes used in the two composites.
